Summary Relative age-related deficit in trunk muscle density was greater in women than men whereas the relative decrease in muscle mass with age was similar in both sexes. The greater muscle fat content and greater age-related fat accumulation among women may contribute to women suffering more functional disabilities than men. Introduction A better understanding of the effect of aging on trunk musculature will have implications for physical function, disability, pain, and risk of injury in older adults. Thus, we determined the age-and sex-related differences in muscle density and size of both thoracic and lumbar trunk muscles. Methods In this cross-sectional study, muscle density and size were measured from quantitative computed tomography (QCT) scans for 10 trunk muscle groups at different vertebral levels in 250 community-based men and women aged 40 to 90 years from the Framingham Offspring and Third Generation cohorts. Results Trunk muscles in men were 20-67% larger and had 5-68% higher density than in women. The relative age-related deficits in muscle size were similar in both sexes, and decreased on average by~8% per decade in both sexes. In contrast, women had greater age-related decreases in muscle density than men (− 17% in women, and − 11% in men, p < 0.01). Age-related declines varied by specific muscle, tending to be greater for outer trunk muscles than for paraspinal muscles, but within a given muscle the age-related changes in muscle density and size were similar among spinal levels. Conclusion This comprehensive study of trunk muscle deficits with increasing age may have important implications for physical function, disability, pain, and risk of injury in older adults. The greater levels of mobility impairments with aging in women may in part be explained by greater proportion of intramuscular fat tissue and greater age-related fat accumulation in trunk muscles in women than in men.
Introduction
Trunk muscles, which act to stabilize the spine, maintain posture and assist in movements and are essential for activities of daily living [1] . Atrophy of trunk musculature impairs physical function and increases the risk of disability and injury in older people [2] [3] [4] . Also, lower trunk muscle density, reflecting greater amounts of fat content in muscle, is more strongly associated with reduced functional capacity than thigh muscle density among elderly people, highlighting the key role of trunk muscles in activities such as balance control [4] . Moreover, a variety of spinal conditions are associated with deficits in the composition, morphology, and/or strength of trunk muscles [5] [6] [7] , including lumbar disc herniation [6, 8] , facet joint osteoarthritis [9, 10] , hyperkyphosis [11] , and vertebral fragility fractures [12] [13] [14] .
Moreover, low back pain, the most commonly reported musculoskeletal problem in people older than 75 years, is Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00198-018-4490-0) contains supplementary material, which is available to authorized users. associated with degeneration in trunk muscles [3, 4, 15] . The muscles surrounding the spine (Bparaspinal muscles^) have received considerable attention, being implicated as both the cause and consequence of low back pain [4, 6, 16] . In particular, it has been suggested that the pattern of multifidus muscle atrophy in patients with low back pain is localized rather than generalized and can be specific to both spinal level and side [16, 17] . However, to be able to identify a pathological deviation in trunk muscle density and/or size, there is a need to establish a normal range for these muscle parameters in population-based cohorts of both men and women across different age groups.
Muscle strength and size decrease, whereas fatty infiltration of the muscle increases, with advancing age [18, 19] . Accordingly, trunk muscle density, a reflection of fatty infiltration, is lower in older (75-87 years) than younger (35-50 years) adults and lower in people with decreased physical activity, though muscle density varies widely among muscle groups [20] . In addition, age-related declines in lumbar paraspinal muscle size vary across spinal regions, as well as by muscle groups [21] . Muscle size is smaller in women, older individuals, and those of lesser weight [22] . However, many of these prior studies had limitations, including small sample sizes [20, [22] [23] [24] , inclusion of individuals < 65 years of age only [21, 23, 24] or comparisons of young vs. old subjects, but no evaluation of the pattern of age-related changes [20] . Moreover, no study has assessed age-related differences in both trunk muscle size and density concurrently. These elements of study design limit prior findings, as they may not be generalizable to other age groups and the small sample sizes are inadequate to serve as normative reference data. Furthermore, there are limited data on trunk muscle morphology for muscles in the thorax, an important region, given the high prevalence of hyperkyphosis as well as vertebral fractures in the mid-thoracic (T7-T8) and thoracolumbar (T12-L1) regions [25] . Thus, normal ranges for trunk muscle density and size for men and women in different age groups in both thoracic and lumbar spine are lacking.
A better understanding of the effect of age and sex on trunk musculature will have implications for physical function, disability, pain, and risk of injury in older adults. Thus the aim of this cross-sectional study, in a community-based sample of men and women aged 40 to 90 years, is to determine agerelated differences in the density and size of both thoracic and lumbar trunk muscles and to assess whether these agerelated differences differ between sexes. We hypothesized that muscle density and size would decline linearly with age, but that the degree of age-related deficits would vary with spinal region within a muscle. Furthermore, we hypothesized that age-related deficits in muscle density would be greater than for deficits in muscle size. We also hypothesized that agerelated muscle atrophy would vary by muscle according to their function and that outer trunk muscles would demonstrate greater age-associated decreases than paraspinal muscles.
Methods

Study participants
We used an age-and sex-stratified sample of individuals from the Offspring And Third Generation cohorts of the community-based Framingham Heart study who were part of the Multidetector Computed Tomography (MDCT) Study (N = 3479) [26] and underwent abdominal and chest CT scans in the years 2008-2011 (N = 2109). Participants were eligible for the current study if they were at least 40 years old at time of CT scan and all spine levels between T5 and L4 were measurable in their CT scans. Twenty-five men and 25 women were randomly selected from each of the five age decades: 40-49, 50-59, 60-69, 70-79, and over 80 years, as we had previously shown that should be a sufficient sample size to detect agerelated differences in trunk muscles [20] . A total of 250 men and women aged 40-90 years were included in the current study. Overall, the height, weight, and BMI were similar for this subset group as in the MDCT cohort after adjustment for age (p > 0.18), except the men in the current study weighted slightly less than the full cohort (on average their BMI was 1.01 kg/m 2 lower, p = 0.03).
CT acquisition
As previously described [26] , CT scans were acquired using a General Electric Discovery VCT 64-slice PET/CT scanner (GE Healthcare), with the following scan settings: a tube voltage of 120 kVp, tube current of 300/350 mA (≤ 220/> 220 lb body weight), and gantry rotation of 350 ms. The thoracic acquisition covered the entire chest from the lung base to the apices during a single inspirational breath hold and typically corresponds to T 4 to L 1 vertebral levels (slice thickness 0.625 mm, field of view (FOV) 35 cm). The abdominal acquisition began approximately 2 cm above the S1 vertebra and 60 contiguous CT slices (slice thickness 2.5 mm, FOV 35 cm) were acquired cranially to this point. Height and weight were measured at the time of the CT exam and physical activity level estimated. Physical activity level was reported using the physical activity index (PAI), which was designed to evaluate general history of daily activity based on self-report and provide an estimate of overall energy expenditure. In short, a questionnaire was administered by an interviewer to determine the average number of hours per day a participant spends in each of five levels of physical activity (basal, sedentary, slight, moderate, and heavy). The hours for each activity level were multiplied by corresponding weighting factors (1.0, 1.1, 1.5, 2.4, and 5.0, respectively), and the results summed to determine PAI [27] . This study utilized previously collected, de-identified data and was approved by the institutional review boards of Boston University, Beth Israel Deaconess Medical Center, and Hebrew SeniorLife.
Muscle measurements
Muscle density and size were measured for 10 trunk muscle groups at different vertebral levels as noted in Supplementary  Table 1 . Each CT scan was spatially filtered using a sigma filter to reduce noise, and each muscle was contoured at the mid-vertebral slice for each level (T5-L4) using an image processing program (Analyze, Biomedical Imaging Resource, Mayo Clinic, Rochester, MN) [28] . Muscle size was assessed as the cross-sectional area (CSA; mm 2 ) within the muscle contour, and muscle density as the mean of voxel attenuation in Hounsfield units (HU) within each muscle, averaging the right and left sides. Density measurements were standardized based on a hydroxyapatite phantom (Image Analysis, Inc., Lexington, KY, USA) scanned with each patient, and voxels outside the range of − 50 to 150 HU were excluded before CSA and density were calculated to remove voxels of pure fat, tendon, and bone along the periphery of the muscle contours. The muscle size and density measurements for each muscle were averaged across vertebral levels and measurements for four spinal regions were reported: upper thorax (T5-T6), mid thorax (T7-T10), thoracolumbar (T11-L2), and lower lumbar (L3-L4). Some individuals had missing values for the outer trunk muscles (e.g., rectus abdominis, serratus anterior, external oblique, latissimus dorsi, and pectoralis major) (Supp. Table 1a, b) because a part of their trunk was outside of the CT scan field of view. All muscle measurements were performed by one observer and the intrareader intra-class correlation coefficients were excellent, ranging from 0.941 to 0.997 for muscle CSA and ranged from 0.892 to 0.999 for muscle density. The inter-reader ICCs ranged from 0.847 to 0.990 for muscle CSA and range from 0.868 to 0.998 for muscle density. The intra and inter-reader reliability of the measurements was assessed by having two observers analyze a set of scans from 16 participants twice with a minimum of 2 weeks between the analyses.
Statistical analysis
Mean values (±SD) for all variables were calculated in men and women within various age groups. We used general linear-mixed regression models to assess associations, with either muscle density or muscle CSA as the dependent variable, and age, sex, and spinal region as the independent variables. Subject was included as a random effect, spinal region as within-subject factor, and height and weight as covariates. Differences in changes with age between men and women were tested using an age-sex interaction term in the regression model and differences in effect of age in spinal regions were tested using an ageregion interaction term, with post hoc Bonferroni correction. Age-related differences in muscle CSA and density in each spinal region were estimated from general linear regression models with adjustment for height and weight. Lowess curve fitting, essentially a type of moving average, was used to assess whether the age-related differences in muscle size and density were linear or nonlinear. We modeled all associations of muscle variables with age separately for men and women. Age-related differences were reported both as absolute and percent differences, with the age group 40-49 years (youngest) chosen as the reference group. The sex-related differences in muscle density and size were assessed with mixed regression models with adjustment for height weight and age and the differences were reported as percent differences, with the female age group 40-49 years (youngest age group) chosen as the reference group. We also further adjusted models for physical activity, but results were broadly similar, thus to use the most parsimonious model, we did not present this in the final results. To examine the overall age-related differences in muscle density and mass by muscle group and sex, we averaged muscle density across spinal regions and summed muscle CSA across spinal regions. Age-related differences were then estimated as previously described and p values adjusted for multiple comparisons using the Bonferroni method. To visualize the changes in muscle morphology with age, we plotted the mean values for each age group by sex after adjusting for height and weight using a linear regression model. All statistical analyses were performed using R software (R-3.1.3, www.r-project.org) and p values less than 0.05 were considered statistically significant.
Results
The average weight was 70.7 kg in women and 85.2 kg in men and independent of age for both sexes (p > 0.22). The average height was 160 cm in women and 174 cm in men but height was negatively associated with age among women ( p < 0 . 0 0 0 1 ) t h o u g h n o t i n m e n ( p = 0.08) (see Supplementary Table 2) . Mean values for muscle density and CSA by sex and age group are found in Supplementary  Table 3a , b, respectively.
Sex-related differences in muscle density and size
Overall, men had 20-67% greater muscle CSA across all trunk muscles after adjustment for height, weight, and age (Fig. 1, p < 0.0001) . Men also had significantly higher muscle density than women in all muscle groups (p < 0.03). Specifically, men had 5-22% higher muscle density than women for psoas major, quadratus lumborum, erector spinae, transversospinalis, external oblique, and trapezius, while we observed a somewhat greater sex-related difference in muscle density, 34-68%, for rectus abdominis, latissimus dorsi, serratus anterior, and pectoralis major.
Age-related differences in muscle density
In both men and women, muscle density was negatively associated with age for all muscles in all spinal regions measured (r = − 0.40 to − 0.70, p < 0.001 for all). The Lowess curve fitting indicated that the association between muscle density and age was linear. The decline in muscle density with age, expressed in HU, was similar among women (− 2.7 to − 8.6 HU per 10 years of age) and men (− 2.5 to − 7.1 HU per 10 per years of age) ( Table 1 , p > 0.07). Among women, the effect of age on muscle density depended on the spinal region for erector spinae and transversospinalis, such that the age-related decline was greatest in the lower lumbar region compared to other regions (p < 0.01, Fig. 2) . Further, the age-related decline in muscle density was greater at the thoracolumbar than the lower lumbar region for psoas major (p < 0.001). In men, the interaction between age and spinal r e g i o n w a s o n l y s i g n i f i c a n t f o r e r e c t o r s p i n a e (thoracolumbar region showing the smallest age-related decline, p < 0.01) and trapezius (mid thorax region showing the greatest age-related decline, p < 0.01).
The average age-related difference in density across all trunk muscles was greater in women than men, − 17% per 10 years vs. − 11% per 10 years (p = 0.02). The age-related decline in muscle density, expressed in percent, ranged from − 6 to − 32% per decade in women, compared to − 4 to − 17% per decade in men (Table 1, Fig. 2 ). Notably, women had a greater percent decrease in muscle density with age than men for pectoralis major, rectus abdominis, serratus anterior, and external oblique in all spinal regions (p < 0.05). The density of the latissimus dorsi and psoas major showed a greater agerelated decline in women than men at the thoracolumbar region only (p < 0.04). The percent decline in muscle density with age did not differ between the sexes for erector spinae and transversospinalis, except at the lower lumbar region where women had greater diminution than men (p < 0.007). Among men, there was no interaction between age and spinal regions except for trapezius (mid thorax > upper thorax, p < 0.01) and erector spinae (thoracolumbar lowest difference, p < 0.01). In women, the percent age-related decline differed by spinal region for the serratus anterior (upper thorax > mid thorax, p < 0.01); latissimus dorsi (thoracolumbar > mid thorax, p < 0.01); trapezius (mid thorax > upper thorax, p < 0.01); and psoas major (thoracolumbar > lower lumber, p = 0.02).
Age-related differences in muscle size
In men, muscle size was negatively associated with age for all muscles in all spinal regions measured (r = − 0.20 to − 0.68, p < 0.05 for all). Among women, muscle size was negatively associated with age for all muscles in all regions, except the trapezius at the mid thorax (p = 0.35). The Lowess curve fitting indicated that the decline in muscle size with age was linear. Expressed as absolute values, the age-related decrements in muscle CSA were greater in men than women (Table 2, Fig. 3 ). Specifically, pectoralis major, serratus anterior, latissimus dorsi, trapezius, erector spinae, psoas major, and one spinal region for transversospinalis showed more diminution with age in men than women (p < 0.01 for all). However, when expressed as a percent, the age-related decline in muscle CSA was similar between the sexes (Table 2) with the exception of the rectus abdominis, for which the agerelated decline was greater among women than men at the lower lumbar region (p < 0.01). The average age-related difference in muscle size was, − 8% per 10 years and − 7% per 10 years in men and women, respectively (p = 0.16). Fig. 1 Percent differences in muscle density and size between men and women with adjustment for height, weight and age (mean difference ± standard error). Men had greater muscle size and higher muscle density than women across all trunk muscles (p < 0.03). ES, erector spinae; TS, transversospinalis; PS, psoas major; QL, quadratus lumborum; LD, latissimus dorsi; TR, trapezius; SA, serratus anterior; RA, rectus abdominis; EO, external oblique; PM, pectoralis major Age-related differences in muscle morphology by specific muscle
The percent difference in muscle size and density with age varied by muscle (Fig. 4) . The psoas major and trapezius had the smallest percent differences in density with age in both men and women (p < 0.05). Rectus abdominis and latissimus dorsi had the greatest percent difference in density with age among women (p < 0.05). The percent differences in density with age for the muscles that stabilize the spine (erector spine, transversospinalis, psoas major, and quadratus lumborum) did not differ between the TH = T5-T6,  mid TH = T7-T10, TH LB =  T11-L2, and lower LB = L3-L4 sexes whereas the chest, abdominal, and lateral muscles (pectoralis major, rectus abdominis, serratus anterior, latissimus dorsi and external oblique) showed 1.5-1.7-fold greater percent differences with age in women. In men, the pectoralis major showed the largest percent difference in size with age (p < 0.05) but in women, the rectus abdominis and pectoralis major showed the largest percent differences in size with age (p < 0.05). Fig. 3 Average cross-sectional area (mm 2 ) by spinal level and age group with adjustment for height and weight. Upper TH = T5-T6, mid TH = T7-T10, TH LB = T11-L2, and lower LB = L3-L4
Discussion
In this cross-sectional community-based study, we determined the sex-and age-related differences in trunk muscle density and size at both the thoracic and lumbar regions. We found that men had greater muscle size and density across all trunk muscles. When expressed as an absolute difference, the diminution in muscle mass with age was greater in men than women, whereas there was no sex difference in the agerelated decrement in muscle density. However, when agerelated changes were expressed as a percent decrement compared to young adults, trunk muscle mass declined similarly in men and women, but muscle density declines were greater in women than men. These findings have implications for physical function, disability, pain, and risk of injury in older adults. Notably, the greater relative age-related difference in trunk muscle density in women might contribute to the higher prevalence of certain musculoskeletal problems in women, including hyperkyphosis [11] and poorer balance control [29, 30] .
Our results are consistent with those from prior studies showing that muscle size and density decrease with advancing age in people over 40 years old [5, 20, 22] . Moreover, similar to the current findings, prior studies of skeletal muscle atrophy also report that muscle cross-sectional area decreases about 1%/year [19, 31] and that women have higher fat content and lower muscle density than men [4, 20, 32, 33] . Alterations in both muscle cross-sectional area and muscle density contribute to the reduced strength and poorer physical function in old age [19, 20, 32, 34] .
The effect of age on muscle size and density varied with specific muscles. Especially among women, age-related declines in muscle density were greater in the outer trunk muscles (e.g., rectus abdominis, serratus anterior, and latissimus dorsi) than the paraspinal muscles. Age-related deficits in density of the paraspinal muscles, which stabilize the spine, did not differ between the sexes, whereas the outer trunk muscles showed greater percent age-related declines in women. As trunk muscles are important for stabilizing the spine, maintaining posture, and assisting in movements, more fat accumulation in these muscles with age in women compared to men, may explain, in part, greater functional deficits and higher risk of injury in older women than men [30, [35] [36] [37] . In fact, greater fatty infiltration has been shown to be associated with muscle weakness [32] and mobility limitations [38] . Moreover, low trunk muscle density is associated with diminished functional capacity in healthy older adults, with stronger association detected for individuals with moderate to extreme low back pain [3] .
Our results indicate that the relative age-related decline in muscle density and size is relatively uniform across spinal levels in this community-based study. This finding differs from a prior study in men which reported greater changes at L5-S1 than L3-L4 [21] . We only detected variation in muscle density with age by spinal level for serratus anterior, latissimus dorsi, and psoas major among women and trapezius in both sexes. We found no obvious pattern, that is, no spinal level consistently showed more rate of loss or preservation in muscle density than others. These discrepant results may be due to methodologic differences as they assessed muscle size (total CSA and fat-free CSA) by magnetic resonance imaging (MRI) and measured at different spinal levels (L5-S1 and L3-L4).
Men had significantly larger trunk muscles than women and greater absolute loss of muscle cross-sectional area with age, which is in agreement with what has been reported for skeletal muscle mass [39] . The mechanisms leading to greater age-related loss of muscle mass with age in men are incompletely understood but have been posited to be related to more profound related declines in sex steroids and growth hormones [35, [40] [41] [42] . Men had also significantly higher trunk muscle density than women, but similar absolute decline in muscle density than women which indicates that proportional accumulation of intramuscular fat is greater among women Fig. 4 Percent difference in trunk muscle density (left) and size (right) by age (% difference per decade). Asterisk = significantly different between men and women (p < 0.05). A = Smallest percent difference by age within sex (p < 0.05). B = Largest percent difference by within sex than men. The factors contributing to age-related accumulation of intramuscular fat are not well understood [43] .
Our findings indicated that there might be a need to identify appropriate interventions to target specific muscles that we observed to demonstrate the greatest ageassociated decreases. Interventions, such as aerobic exercise and/or resistance training, might reduce intramuscular fat accumulation in trunk muscles of healthy older adults. For example, Goodpaster et al. imply that physical activity mitigates the intramuscular fat accumulation in thigh muscles in older adults [44] . We showed that whereas advancing age negatively affects all trunk muscle groups, some muscles show greater declines than others. Thus, strategies to maintain trunk muscles may need to be targeted to specific muscles. To the best of our knowledge, the effectiveness of exercise programs to maintain trunk muscle density with advancing age in healthy older adults has not been established. Future studies investigating this could lead to interventions to preserve mobility and reduce injury older people.
This study has several limitations. First, the data come from a cross-sectional study that might introduce survival effect bias, such that healthier people may have been more likely to survive to old age and be examined in this cross-sectional study. Thus, we may have underestimated the true age-related declines in trunk muscle morphology. Moreover, although we adjusted for some potential confounding variables, we could not exclude the possibility that other covariates may have influenced the age-related differences in muscle density and CSA. We described mean age-related differences in a population using a cross-sectional design. Future work should focus on studying the sources of variation between individuals to permit the evaluation of genetic influences and other confounding factors that were not considered in this study such as diet, lifestyle, and diseases such as diabetes mellitus. Second, the measurements of this study are representative of lean muscle composition and did not examine the amount of adipose tissue present in and around the muscles (i.e., intermuscular fat depots), as has previously been reported for the thigh [18, 32, 34] . Finally, because the Framingham Study Offspring and Third Generation cohorts were primarily white, extrapolations of our data to other racial and ethnic groups cannot be made. In spite of these limitations, this study has several important strengths. In particular, it draws upon a community-based cohort of individuals. Furthermore, our sample size was relatively large and represented a relevant age range, 40 to 90 years old, including 25 individuals per sex and decade, offering a comprehensive view of trunk muscle aging not previously available in the literature. In addition, in this study, age-related differences in trunk muscle size and density were assessed both in the thoracic and lumbar spine, as data on age-related differences in muscles of the thoracic region are particularly lacking.
In conclusion, relative age-related declines in trunk muscle density were greater in women than men whereas the relative decline in muscle mass with age was similar in both sexes. Thus, the observation that women suffer more functional disabilities with advancing age than men might be attributable, in part, to their greater age-related loss in trunk muscle density. Our data assist in establishing a normal range in trunk muscle density and size in thoracic and lumbar spine by sex and age that potentially can serve as a comparative range for different spinal conditions. Future studies are required to identify interventions that could prevent or slow age-related decline in trunk muscle mass and density that would help older men and women to maintain physical function with aging.
